Cordyceps Militaris
Membranous glomerulonephritis (MGN) is a common pathogenesis of nephritic syndrome in adult patients. Nuclear factor kappa B (NF-κB) serves as the main transcription factor for the inflammatory response mediated nephropathy. Cordyceps militaris, containing various pharmacological components, has been used as a kind of crude drug and folk tonic food for improving immunity and reducing inflammatory. The current study aims to investigate the renoprotective activity of
Introduction
Membranous glomerulonephritis (MGN) is an antibodymediated disease induced by deposits of immunoglobulins and complement components on the subepithelial layer of the glomerular capillary wall. 1 MGN is considered as one of the leading causes of nephrotic syndrome in adults with no effective therapy. 2 Cationic bovine serum albumin (C-BSA)-induced MGN rat serves as an experimental model due to its similar pathogenesis and immunity with MGN, whose inflammation can be alleviated by Astragalus. 3 Clinically, angiotensin converting enzyme (ACE) inhibition or angiotensin receptor blockade is the most common strategy against membranous nephropathy, 4 but patients have to suffer with serious adverse effects. Although the calcineurin inhibitors (CNIs) cyclosporine and tacrolimus induce complete or partial remission of proteinuria in more than 70% of membranous nephropathy patients, more than 60% of the treated patients suffer from subsequent relapses or treatment dependence. 5, 6 A new treatment strategy is needed to reduce the risk of chronic nephrotoxicity. Nuclear factor-kappa B (NF-κB), an inflammatory transcription factor, is over-expressed in patients with MGN. 7, 8 NF-κB mediates inflammatory cytokine production in patients with MGN 7 and C-BSA-induced MGN rats, 8 as well as hydroxyl radicals in podocytes to damage the glomerular filtration barrier through targeting glomerular basement membrane (GBM). Down-regulating NF-κB activity by Large Yellow Croaker Swim Bladder and Plumbagin alleviates oxidative stress and glomerular injury in many types of nephritis, but an NF-κB inhibitor in MGN without adverse side effects is not identified.
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Natural product has become a promising therapeutic strategy to prevent kidney inflammation due to its high treatment efficiency and less adverse effects. Cordyceps militaris, a widely used traditional Chinese medicine, exerts various pharmacological properties, and serves as a kind of crude drug and folk tonic food for improving immunity and reducing inflammation. 12 Cordyceps sinensis polysaccharide-enriched extract inhibits platelet-derived growth factor-BB-induced inflammation and ROS production in human mesangial cells to show natural product is beneficial. 13 Ergosterol separated from
Cordyceps militaris attenuates lipopolysaccharide-induced inflammation in BV-2 microglia cells. 14 We demonstrated that
Cordyceps militaris mycelium obtained from submerged fermentation alleviates diabetic nephropathy via reducing oxidative stress and improving blood lipid metabolism. 15 We hypothesized that Cordyceps militaris fruit body aqueous extract alleviates glomerulonephritis in C-BSA induced MGN rats, by inhibiting oxidative stress and inflammation. We quantitate urinary protein, albumin, blood lipid, inflammatory cytokine and NF-κB in C-BSA induced rats with/without administration of Cordyceps militaris fruit body aqueous extract.
Materials and Methods

Cordyceps militaris extract preparation
The aqueous extract from Cordyceps militaris fruit body of the same batch (purchased from Qianxiang co., LTD, Shenyang, China) was extracted with 10 volumes of double distilled (D.D.) water at 45 ℃ for 3 h firstly. After being centrifugated, the residue was extracted at 80 ℃ for another 3.5 h. After the two extracts were merged, the supernatant was sequentially concentrated in an evaporator under reduced pressure, and further freeze-dried to produce the solid aqueous extract (CM). The extraction process was optimized Box-Behnken design according to the content of polysaccharides, total proteins, cordycepic acid, adenosine and cordycepin, which are analysed via phenol-sulfuric acid method, 16 Kjeldahl method 17 and High performance liquid chromatography (HPLC). 18 It was found that CM contained 29.1% polysaccharides, 20.5% total proteins, 6.1% cordycepic acid, 0.2% adenosine, and 0.4% cordycepin. The HPLC chromatogram of CM was shown in Fig.1 .
The establishment of rats model with membranous glomerulonephritis C-BSA preparation
Crystallized unmodified BSA was chemically cationized to prepare C-BSA according to Border's method. 8 Briefly, an anhydrous ethylenediamine (EDA, Sigma-Aldrich, Germany) solution was prepared by mixing 67 ml EDA and 500 ml D. ℃ for 48 h, lyophilized, and stored at -80 ℃.
Animal care
The Institution Animal Ethics Committee of Jilin University reviewed and approved the entire animal protocol prior to conducting the experiments. Wistar male rats weighing 120 g-140 g (SCXK(JI)-2011-0003) (Purchased from Norman Bethune University of Medical Science Jilin University, Jilin, China) were maintained on a 12-h light/dark cycle (lights on 07:00-19:00) at 23±1 ℃ with water and food available ad libitum.
MGN rats model preparation and drug administration
50 male Wistar rats were injected subcutaneously with 0.5 mg incomplete Freund's adjuvant at day 1 to prevent autoimmunity, following with C-BSA (40 mg/kg) injection via tail vein every day for three weeks to induce membranous glomerulonephritis. All successfully established MGN rats were separated randomly into 5 groups. Another 10 male Wistar rats injected with normal saline were served as control group (CTRL). Control group: Normal rats were orally treated with 5 ml/kg normal saline everyday; Model group: MGN rats were orally treated with 5 ml/kg normal saline everyday; Positive control group: MGN rats were orally treated with 10 mg/kg Tripterygium wilfordii glycosides (TG) everyday; Test drug group I: MGN rats were orally treated with 0.5 g/kg CM everyday; Test drug group II: MGN rats were orally treated with 1.0 g/kg CM everyday; Test drug group III: MGN rats were orally treated with 2.0 g/kg CM everyday. Drug administration was lasted for 4 weeks, and the bodyweight and 24-h urine protein of each rat were monitored for two weeks during the whole experimental period. At the end of the experiment, blood and kidney samples were collected.
Biochemical criterions determination
Samples collection
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Food Funct. | 3 24-hour urine collections were performed in each animal after placement in metabolic cage every week. Before sacrifice, blood was sampled from rat's tail under anesthesia with 200 mg/kg pentobarbital. After sacrifice, kidneys were collected, and one part was homogenized in D.D. water (or RIPA buffer) with three washes in ice-cold physiological saline, and the other part was placed in 4% paraformaldehyde for histopathological examination.
Renal function assessment
Renal function was measured by detecting the levels serum creatinine (Scr), blood urea nitrogen (BUN), serum albumin and total protein, and 24-h urine protein concentration. All factors were examined by related assay kits obtained from NanJing Biotechnology Co. Ltd. (NanJing, China) according to operating manual.
Blood lipid assessment
It has been reported that blood lipid, like fatty acids, reduces the production of inflammatory cytokines. 19 The concentration of total cholesterol (TC) and triglyceride in serum were determined via related assay kits obtained from NanJing Biotechnology Co. Ltd. (NanJing, China).
Oxidative stress assessment
After 4-week drug administration, the activities of glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD), and the levels of malondialdehvde (MDA) in serum and kidney of MGN rats and normal rats were analyzed using commercial assay kits obtained from NanJing Biotechnology Co. Ltd. (NanJing, China).
Renal cytokines detection
The levels of inflammatory cytokines including interleukin-2 (IL-2), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1), intercellular adhesion molecule 1 (ICAM-1), vascular adhesion molecule 1 (VCAM-1), and 6-keto-prostaglandin F1α (6-keto-PGF1α) in serum of experimental rats were measured by specific enzymelinked immuno sorbent assay (ELISA) kits (R&D systems, USA) according to the manufacturer's instructions. The concentrations of test samples were analyzed from the related standard plot.
NF-κB p65 subunit detection
Since the levels of p65 correlates positively with NF-κB pathway, the activation of NF-κB p65 was analyzed using NF-κB active ELISA kit (R&D systems, USA) according to the manufacturer's instructions.
Histopathological examination
Collected kidney tissues were immerged in 4% paraformaldehyde for 48 h, and then dehydrated in gradient ethanol (50%, 70%, 80%, 90%, 95% and 100%) step-by-step. Samples were immerged in xylene for 30 min and incubated with first paraffin at 65 °C overnight. After being embedded in wax, tissues were cut into serial sections at 5 µm thickness using microtome (Leica, Germany) and spread over microscopy slides. Sections were deparraffiniaed with fresh xylene for 10 min, hydrated with gradient ethanol (100%, 90%, 80% and 70%), and then washed with D.D. water for three times. The sections were analyzed via haematoxylin and eosin staining (H&E staining) and examined by a light microscope digital camera (Nikon Instruments, Tokyo, Japan). The severity of glomerulonephritis (GN) was graded on a 0-4 scale as follows: 0, normal; 1, mild increase in mesangial cellularity and matrix; 2, moderate increase in mesangial cellularity and matrix, with thickening of the GBM; 3, serious increase in mesangial cellularity and matrix, with thickening of the GBM; 4, serious increase in mesangial cellularity and matrix, with thickening of the GBM, diffuse endocapillary hypercellularity and segmental necrosis.
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Western blot analysis
Kidney tissues were homogenized with 10 volumes of lysis buffer (Sigma-Aldrich, USA) containing 1X protease inhibitor cocktail (Sigma-Aldrich, USA) and 1 mM Phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich, USA). The homogenate was centrifuged at 10836×g for 10 min and supernatants were used as the whole protein extract. Total protein was estimated using Bradford method. About 30 µg protein was separated with 10% SDS-PAGE and then transferred onto a nitrocellulose membrane (0.45 µm, Bio Basic, Inc., USA) with mini-protein two-gel electrophoresis system (Bio-Rad, USA). The transferred membrane was blocked through incubation with 5% bull serum albumin (BSA) for 3 h at room temperature. The membranes were then blotted 4 °C overnight with primary antibodies at phosphor (P)-AKT, total (T)-AKT, P-NF-κB p65, T-NF-κB p65, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Cell Signaling Technology, Beverly, MA) at dilution of 1 : 1000, following by treatment with horseradish peroxidase-conjugated secondary antibodies diluted 1:2000 (Santa Cruz, USA). Immunoreactive bands were visualized with an ECL detection system (GE Healthcare, UK). The intensity of the bands was quantified by scanning densitometry using Image J.
Statistical analysis
All data were expressed as mean ± S.D.. A one-way analysis of variance (ANOVA) was used to detect statistical significance followed by post-hoc multiple comparisons (Dunn's test) using SPSS 16.0 software (IBM corporation, Armonk, USA). A Pvalue<0.05 was considered to be statistically significant. Graphs were plotted with the OriginPro 8.5 software.
Results
The effect of CM on renal function in MGN rats
Compared to normal control rats, C-BSA injection resulted in nearly three-fold reduction of 24-h urine protein level (P<0.01; Fig.2A ). Similar as TG treatment, CM at doses of 1.0 mg/kg and 2.0 mg/kg strongly suppressed the hyper-level of 24-h urine protein (P<0.01 Fig.2A) . Interestingly, during the 8 weeks, no significant changes on bodyweight among experimental rats were observed (Not shown in data). In non-treated MGN rats, 92.0% and 110.8% increment of BUN and Scr levels, and 28.1% and 13.8% decrement of albumin and total protein concentrations in serum were observed, which were strikingly reversed to the normal level by 4-week TG and CM orally administration (P<0.01, Fig. 2B, C and D) . Additionally, the incidences of glomerular basement membrane thickening or mesangial proliferation, and inflammatory infiltrate injuries noted in kidney tissue of MGN rats were significantly ameliorated by both CM and TG treatment (Fig. 2E ). All these results suggest that CM possesses renoprotective activities against renal injury in rats caused by chronic C-BSA injection.
The regulatory effect of CM on blood lipid
As reported, due to the metabolic disorders, hyper-level of TC and triglyceride in serum were found in nephritis patients. 21 121.9% and 26.7% enhancement of serum TC and triglyceride concentration were noted in MGN rats (P<0.01; Fig. 3) . For serum TC level, 2.0 g/kg CM and 10 mg/kg TG treatment resulted in 31.3% and 29.6% reduction compared with nontreated MGN rats (P<0.01; Fig. 3A) . Only CM other than TG at dose of 2.0 g/kg suppressed high serum concentration of triglyceride up to 19.7% (P<0.01; Fig. 3B ).
The anti-oxidative effect of CM in MGN rats
Oxidative stress has been implicated in inflammation which was directly related to the level of MDA and the activities of SOD and GSH. 22 Overproduction of MDA and hypo-activities of SOD and GSH-Px were observed in serum and kidney of The levels of MDA and the activities of SOD and GSH-Px in serum and kidney of MGN and control rats were detected after 4-week administration of CM (0.5 mg/kg, 1.0 mg/kg and 2.0 mg/kg) or TG (10 mg/kg). Values were expressed as mean ± S.D. (n = 10). # P < 0.05 and ## P < 0.01 versus control rats, * P < 0.05 and ** P < 0.01 versus MGN rats.
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The effect of CM on IL-2, IL-6, TNF-α and 6-keto-PGF levels
The effect of CM treatment on inflammatory cytokines levels were represented in Fig. 3 . As higher level of 6-keto-PGF1α was observed during renal injury, 23 6-keto-PGF1α was also analyzed in our study. MGN rats exhibited significant increase in serum levels of IL-2 and IL-6 compared with normal control rats (P<0.01; Fig. 4A and B) . CM oral administration strongly reduced the hyper-levels of IL-2 and IL-6 up to 40.6% and 50.1 % (P<0.01; Fig. 4A and B) . A significant enhancement of TNF-α and 6-keto-PGF in serum levels were noted in non-treated MGN rats; contrastively, 4-week CM treatment reduced nearly 39.9% TNF-α and 24.5% 6-keto-PGF levels (P<0.01; Fig. 4C and D). The similar regulatory effects of TG on inflammatory cytokines were found.
The effect of CM on MCP-1, ICAM-1, VCAM-1 and NF-κB p65 levels
In MGN rats, the serum levels of MCP-1 (649 pg/ml), ICAM-1 (82 ng/ml), VCAM-1 (98 ng/ml) and NF-κB p65 (761 pg/ml) were significantly augmented compared with normal control rats (P<0.01; Fig. 5 ). Except for ICAM-1, 4-week TG treatment at 10 mg/kg attenuated the hyper-level of MCP-1, VCAM-1 and NF-κB p65 (P<0.05; Fig. 5 ). Treatment with CM at indicated doses for 4 weeks caused a significant fall in the serum levels of MCP-1 (190 pg/ml), ICAM-1 (20 ng/ml), VCAM-1 (17 ng/ml) and NF-κB p65 (436 pg/ml) compared with MGN rats (P<0.05; Fig. 5 ).
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The regulation effect of CM on protein expressions in kidney
The expressions of phosphor-AKT and phosphor-NF-κB p65 in kidney of experimental rats were detected via western blot to investigate the preliminary signal molecular pathway during CM-mediated anti-membranous glomerulonephritic activities. The enhanced activities of AKT and NF-κB p65 were found in kidney of MGN rats compared with control rats (P<0.01; Fig.  6 ), which were significantly restored to the normal level after 4-week TG and CM treatment (P<0.05; Fig. 6 ).
Discussion
In the present study, we prove that CM is a promising Chinese herb medicine, which can alleviate kidney injury in MGN, without any adverse side effects. Hyperlipidemia, proteinuria, Scr, BUN, blood albumin and protein are endpoints of chronic kidney disease. 21, [24] [25] [26] Albumin, the most prevalent serum protein, contributes to the cure of edema caused by nephropathy. 26 Low serum level of albumin is the manifestation of poor renal function. 24 Our data show that CM restores all of the above parameters in a dose dependent manner, suggesting CM protects kidney from immune related damage. Specifically, CM targets lipid metabolism and damages the integrity of the glomerular filtration barrier. In histological studies on C-BSA treated rats, CM administration alleviates the kidney structural changes, suggesting a restoration of kidney injury. Oxidative stress and chronic inflammation are two major causes of kidney injury. 27, 28 Therefore, the anti-oxidation and antiinflammatory methods and drugs are intensely studied. [29] [30] [31] The problem is that targeting single or several molecules in the complex signaling pathways generate many adverse side effects. For example, the bardoxolone methyl, a promising antioxidation medicine, generates adverse side effects such as weight loss, muscle spasm, proteinuria, and abnormal high level of serum megnesium and alanine aminotransferase (ALT), and death. Therefore, its phase III clinical trial is terminated prematurely. 32, 33 Tripterygium wilfordii is a widely used herbal
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This journal is © The Royal Society of Chemistry 2015 medicine for rheumatoid arthritis and other autoimmune diseases treatment; however, its adverse reactions including hepatotoxicity and nephrotoxicity have been frequently reported in clinic. 34 CM is a traditional Chinese herb medicine.
Its nature of crude drug suggests multi-effective component, which might target many molecules in the signaling of inflammation and oxidative stress. This "systemic targeting" will completely eliminate the inflammation and oxidative stress in a much natural way, so that less adverse side effect is expected. Furthermore, CM, as a folk tonic food, has been practiced by Chinese people for thousands of years, further emphasizes its safety with less adverse side effects. In the acute toxic test performed in our preliminary study provides experimental basis for its safety, and CM showed no influences on animal behaviours and body organs. Oxidative factors production is physiologically relevant as an important step in inflammation. 35 The alteration of glomerulus structure and function caused by oxidative injury is related to the damage of ROS on mesangial and endothelial cells. 34 Antioxidant enzymes including GSH-Px and SOD prevent oxidative stress injury in animals. 37, 38 Thymoquinone, an antioxidant, presents renoprotective effect related to its antioxidant property. 39 We confirmed that Cordyceps militaris mycelium displayed anti-nephropathic activity via reducing oxidative stress response. 15 The modulation of oxidative system contributes to CM-mediated anti-membranous glomerulonephritic property. Due to the participation of inflammatory mediators, MGN is considered as an immune-mediated inflammatory disease. 40 The overexpression of IL-2 activates pro-inflammatory CD4+ T cells, which exacerbates the glomerular damage by recruiting the ratio of macrophages and neutrophils. 41 IL-6, secreted by the glomerular membrane system, is responsible for the proliferation of mesangial cells and the release of inflammatory mediators including superoxide anion. 42 Skimmin slows down the progression of membranous glomerulonephritis by inhibiting IL-1β and IL-6 expression and immune complex deposition. 43 CM reverses the hyper-levels of IL-2, IL-6 and TNF-α caused by chronic C-BSA injection indicating that interleukins participate in CM-mediated renoprotection. CM also restores the hyper-levels of VCAM-1, ICAM-1 and MCP-1 in MGN rats. Exposure to inflammatory stimuli, the expression of especial adhesion molecules is disordered in MGN patients. 44 The deregulated adhesion molecules such as VCAM-1 and ICAM-1 fail to capture flowing leukocytes, which would persistently infiltrate into inflamed tissues. 45 Our data support the idea that reducing kidney inflammation, especially NF-κB activity, potentially restores the integrity of glomerular filtration barrier. The regulatory effects of CM on NF-κB p65 and AKT activation were observed in MGN rats. Inhibiting AKT, one of physiological activators of NF-κB, 46 suppresses the adhesion molecules expressions, 47 and further prevents high glucose-induced glomerulosclerosis. 48 The NF-κB p65 transcriptional activation promotes inflammatory cytokines expressions and oxidative stress responses, which are involved in the progression of kidney tissue injury. 8, 43 BAY 11-7082, an inhibitor of IκB, downregulating NF-κB activation, successfully inhibits the oxidative damage from diabetic nephropathy. 49 Another study shows that cobalt chloride attenuates oxidative stress and inflammation via suppressing NF-κB activity in human renal proximal tubular epithelial cells. 50 We found that combining with NF-κB deactivation, the IκBα expression was reduced (Data not shown), which was consistent with several previous studies. 51, 52 IκBα sequesters NF-κB in an inactivate form in the cytoplasm; however, the non-canonical NF-κB pathway is independent of IκBα regulation. 52, 53 It is suggested that a non-canonical NF-κB pathway which not directly dependent on IκBα may contribute to CM-mediated renoprotection in C-BSA-induced MGN rats. Further study related to the roles of IκBα during CM's renoprotection will be performed.
Conclusions
In conclusion, CM protects the rats against membranous glomerulonephritis induced by C-BSA injection via reducing NF-κB activity, thereby inhibits the oxidative damage and reduces inflammatory cytokines levels. Further investigations are ongoing for getting purified polysaccharide from Cordyceps militaris fruit body with anti-MGN effects. Based on acute and chronic toxicity tests performed in our separated experiments, CM is a safe agent with the maximal oral tolerance dose of 120 g/kg in rats. Our data provide experimental evidence in supporting the clinical use of CM as an effective and safe renoprotective agent.
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